INTRODUCTION {#SEC1}
============

Aerobic respiration is a highly efficient pathway for energy production in metazoan cells. The process requires oxygen consumption to enable the oxidation of carbons in nutrients and drive the electron transport chain in mitochondria for ATP synthesis that powers diverse cellular processes. Hence, a relatively stable level of oxygen is necessary for energy production and functional maintenance during proliferation and development in cells. Some physiological and pathological conditions, such as embryonic development and tumorigenesis, however, result in a hypoxic microenvironment in tissues. The decrease of oxygen concentration in cellular microenvironment reprograms metabolic networks and contributes to the selection of aerobic fermentation phenotype commonly observed in aggressive cancer cells ([@B1]). During tumorigenesis, adaptation to hypoxia leads to aggressive cancer phenotypes by promoting genomic instability, tissue invasion, evasion of apoptosis and immune surveillance, as well as the stimulation of cell proliferation and angiogenesis. Therefore, targeting hypoxia response cellular networks has been considered as a viable strategy to develop efficient cancer therapeutics ([@B5],[@B6]).

In mammalian cells, extensive studies have established the significance of hypoxic response pathways orchestrated by hypoxia-inducible factors (HIFs) ([@B1]). Hypoxia microenvironment stabilizes HIF-α factors and promotes the binding of HIF complex to the promoters of their target genes for the induction of gene expression ([@B7]). System-wide identification and functional characterization of hypoxia-responsive genes are important to understand how hypoxia regulates cell phenotype and metabolic pathways. Global identification of hypoxia response networks has been largely achieved through genomics and transcriptomics analysis. Hundreds of hypoxia-responsible genes have been identified, including both upregulated and downregulated elements ([@B8]). These studies mainly applied genomic approaches such as DNA microarray, transcriptome analysis and chromatin immunoprecipitation followed by NextGen sequencing. The findings from these studies demonstrated the significant roles of HIF transcriptional networks in mediating cellular hypoxia response in cell lines and tissues ([@B1]).

In addition to transcription regulation and changes, protein abundance in cells is regulated through multiple mechanisms, including translational control, chemical modification, proteolytic cleavage and protein degradation. Therefore, a system-wide understanding of cellular hypoxia response networks requires the direct measurement of cellular proteome dynamics in response to the hypoxic microenvironment. Recent advances in quantitative proteomics have allowed system-wide identification of hundreds to thousands of proteins and analyze their dynamics under different conditions. Application of such strategies has made important discoveries in hypoxia research, including the recent identification of heterochromatin protein 1 binding protein 3 in tumorigenesis and PHD finger protein 14 in cell cycle control ([@B11]).

In prostate cancer, tumor tissues suffer from severe hypoxia with the median level of oxygen 13 times lower than the normal prostate tissue ([@B16],[@B17]). Activation of hypoxia-induced signaling mechanisms alters the cellular metabolic pathways and energy homeostasis to enable the early development of aggressive cancer phenotype and the adaptation of prostate cancer cells to the hypoxic tissue environment ([@B18],[@B19]). Targeting hypoxia-related cellular mechanisms has been considered as a viable strategy for prostate cancer treatment ([@B20],[@B21]). To comprehensively understand and system-wide profile proteome dynamics in response to hypoxia in prostate cancer cells, we performed SILAC-based deep proteomic analysis in combination with an efficient high-pH reversed-phase high-performance liquid chromatography (HPLC) fractionation. Our study identified over 6300 protein groups (representing \>10 000 leading proteins) in biological triplicate analysis from DU145 cells. Bioinformatic analysis revealed protein networks and complexes highly responsive to early hypoxic treatment and closely linked hypoxia microenvironment to cancer-promoting cellular pathways. Our global proteomic study identified SDE2, a DNA replication and damage-related protein, as a novel cellular target of hypoxia that is rapidly degraded in response to the decrease in oxygen availability ([@B22],[@B23]). The functional analysis demonstrated that both hypoxia treatment and depletion of SDE2 can mediate PCNA (proliferating cell nuclear antigen) monoubiquitination upon DNA damage in prostate cancer cells, which is a key step for promoting translesion DNA synthesis. Our study therefore indicated a potential link between hypoxic environment and the activation of error-prone DNA repair pathways in tumor cells.

MATERIALS AND METHODS {#SEC2}
=====================

Cell lines and reagents {#SEC2-1}
-----------------------

DU145 and PC3 prostate cancer cell lines were cultured in RPMI 1640 medium (Gibco) supplemented with 10% fetal bovine serum (FBS; Sigma) and 1% penicillin--streptomycin (Corning). HeLa and 293T cell lines were cultured in Dulbecco's modified Eagle's medium (Gibco) supplemented with 10% FBS (Sigma) and penicillin--streptomycin (Corning). For SILAC labeling, the DU145 cells were maintained in RPMI 1640 medium for SILAC (Thermo), which was supplemented with 10% dialyzed FBS (Gibco), 1% penicillin--streptomycin, 25 mg/500 ml proline, and 50 mg/500 ml [l]{.smallcaps}-arginine and [l]{.smallcaps}-lysine (light) or ^13^C~6~^15^N~4~-[l]{.smallcaps}-arginine and ^13^C~6~^15^N~2~-[l]{.smallcaps}-lysine (heavy). The cells were labeled, respectively, in the light and heavy media for \>6 generations before doing a further treatment. For hypoxia treatment, the cells were cultured in an incubator subchamber supplied with 1% O~2~/5% CO~2~/95% N~2~ and monitored by an oxygen sensor (BioSperix). The main chemicals used in this study included puromycin (EMD Millipore), MG132 (APExBIO), dimethyloxalylglycine (DMOG; APExBIO) and deferoxamine (DFO; Cayman).

Mass spectrometry sample preparation {#SEC2-2}
------------------------------------

Twenty-four hours after plating, the heavy-labeled Du145 cells were transferred into a hypoxia chamber (1% O~2~), while the light-labeled cells were still kept at normal culture condition (21% O~2~). Twelve hours after hypoxia treatment, the cells were washed with phosphate-buffered saline (PBS) and lysed in boiling denatured lysis buffer (6 M guanidine hydrochloride in 50 mM Tris--HCl, pH 8.5). The cell lysates were further boiled in boiling water for 5 min, cooled to room temperature (RT) and then sonicated thoroughly. After protein concentration measurement with the Bradford assay (Thermo), equal amounts of heavy- and light-labeled proteins were mixed. The mixed proteins were reduced and alkylated simultaneously in 5 mM tris(2-carboxyethyl)phosphine hydrochloride/10 mM iodoacetamide at RT for 1 h in the dark. For enzymatic digestion, the proteins were first treated with Lys-C (1:100; Wako) for 5 h at 37°C, and then the lysates were diluted with 50 mM Tris--HCl for four times and further digested with trypsin (1:100; Promega) overnight at 37°C. The digestion product was centrifuged at 2000 × *g* for 10 min and the supernatant was desalted with a Sep-Pak C18 cartridge (100 mg, Waters) and eluted with 50% acetonitrile (ACN). The elution was dried in a speed vacuum to prepare for fractionation.

Basic reversed-phase HPLC offline fractionation {#SEC2-3}
-----------------------------------------------

Desalted peptide solution was loaded onto an XBridge Peptide BEH C18 column (Waters) through an Agilent 1100 HPLC system. The mobile phase is composed of Buffer A, which is 10 mM ammonium formate (pH 10.0), and Buffer B, which is 90% ACN/10 mM ammonium formate (pH 10.0). Peptides were separated with a 60-min fractionation gradient (6--35% B in 43 min and then remaining at 95% B for 12 min) and a flow rate of 1 ml/min. For each sample, all the fractions were pooled in a concatenated manner into eight final fractions as described previously ([@B24]).

Nano-HPLC--mass spectrometry analysis {#SEC2-4}
-------------------------------------

Peptides were desalted with a self-packed C18 StageTip ([@B25]). For liquid chromatography--tandem mass spectrometry (LC--MS/MS) analysis, the peptides were dissolved in HPLC buffer A (0.1% formic acid) and loaded onto a capillary HPLC column (25 cm in length, 360 μm outer diameter and 75 μm inner diameter) packed with ReproSil-Pur Basic C18 resin (1.9 μm particle size and 100 Å pore size) with a Proxeon Easy nLC 1000 Nano-UPLC system connected to an Orbitrap Fusion mass spectrometer (Thermo Fisher). The peptides were eluted off the column with a 1-h gradient of 7--32% HPLC buffer B (0.1% formic acid in ACN). The full MS was acquired with a mass range of 300--1500 *m*/*z* at 60 000 resolution (200 *m*/*z*). Data-dependent MS/MS spectra were acquired in the ion trap and in a top-speed mode (3 s for each cycle) with an isolation window of 1.6 *m*/*z* and higher energy collision dissociation (35% collision energy).

Plasmids, siRNAs and transfection {#SEC2-5}
---------------------------------

pcDNA-SDE2-Flag, pcDNA-SDE2-GG/AA-Flag and pcDNA-SDE2-K/V-Flag were plasmids used in our previous studies ([@B22],[@B26]). Plasmid transfection was performed with jetPRIME^®^ transfection reagents. Sequences for control siRNA and siRNAs targeting SDE2, CDT2, UBR1 and UBR2 were synthesized by Dharmacon (Lafayette, CO) based on previous publications ([@B22],[@B26]). HIF1α and HIF2α siRNAs were ordered from Qiagen (Germantown, MD). siRNA transfections were performed with INTERFERin^®^ siRNA and miRNA transfection reagent (Polyplus, Illkirch, France) according to the manufacturer's instructions. All siRNA sequences are listed in [Supplementary Table S3](#sup1){ref-type="supplementary-material"}.

shRNA and lentivirus packaging {#SEC2-6}
------------------------------

Control shRNA plasmid expressing a scramble sequence was ordered from the Genomics Center of the University of Minnesota. shRNA plasmids targeting SDE2 (TRCN0000370430 and TRCN0000377549) were ordered from Sigma. To establish the stable cell lines, shRNA plasmids were co-transfected into 293FT cells together with psPAX2 and pMD2.G at the ratio of 4:3:1. Forty-eight hours after transfection, the cell medium containing the lentivirus was filtered and used to infect the target cells with the help of polybrene (8 μg/ml). Twenty-four hours after infection, the cells were transferred into medium containing 2 μg/ml puromycin.

Western blotting analysis {#SEC2-7}
-------------------------

The cell lysate was prepared in ice-cold RIPA buffer \[150 mM NaCl, 50 mM Tris--HCl, pH 7.5, 0.1% sodium dodecyl sulfate (SDS), 0.5% NP-40 and 0.5% sodium deoxycholate; cocktail protease inhibitor (Roche) was freshly added\]. The proteins were separated in homemade SDS-PAGE gel and transferred onto polyvinylidene difluoride membrane. Blocking was done with 5% skim milk (BD) in TBST (Tris-buffered saline + 0.1% Tween 20). After blocking, the membrane was incubated with primary antibody overnight and washed with TBST for at least three times, and then incubated with horseradish peroxidase (HRP)-linked secondary antibody (Cell Signaling Technology, \#7074 and \#7076) for \>2 h and washed with TBST. The signal was developed with Luminata Crescendo Western HRP Substrate (Millipore) and captured on X-ray film. Primary antibodies used in the current study included SDE2 (A302-098A, Bethyl), CDT2 (A300-948A, Bethyl), UBR1 (A302-988A, Bethyl), UBR2 (A305-416A, Bethyl), DDX41 (A302-098A, Bethyl), WDR45B (NBP1-82387, Novus), HIF1α (04-1006, Millipore), HIF1α (SAB2702132, Sigma), HIF2α (A700-003, Bethyl), HIF1β (A302-764A-T, Bethyl), γH2AX (A700-003, Bethyl), ubiquitin (MAB1510, Millipore), PCNA (2586T, Cell Signaling Technology), α-tubulin (T6199, Sigma) and β-actin (3700s, Cell Signaling Technology).

*In vivo* ubiquitination assay {#SEC2-8}
------------------------------

Two 60-mm dishes of 293T cells were transfected with SDE2-Flag plasmid for 12 h and then treated with 5 μM MG132. One dish of cells was continually cultured under normal conditions, while the other dish was treated with hypoxia for another 12 h. After treatment, the cells were collected in PBS, pelleted and washed with PBS again and resuspended in SDS lysis buffer (150 mM NaCl, 1% SDS, 50 mM Tris--HCl, pH 7.5) and boiled for 10 min. The cell lysate was cooled to room temperature and diluted with dilution buffer (150 mM NaCl, 50 mM Tris--HCl, pH 7.5) to reduce the concentration of SDS to 0.2%, sonicated thoroughly and then centrifuged at 21 000 × *g*. Ten percent of the supernatant was reserved as the input and the rest was incubated with Flag-M2 beads overnight at 4°C. Finally, the M2 beads were washed with wash buffer (150 mM NaCl, 0.2% SDS, 50 mM Tris--HCl, pH 7.5) for four times and eluted with 1× SDS-PAGE sample loading buffer by boiling for 6 min. The input was mixed with a 4× loading buffer and boiled. The samples were analyzed with western blotting (WB).

Quantitative real-time PCR {#SEC2-9}
--------------------------

Total RNA was isolated from cells using TRIzol Reagent (Ambion) according to the manufacturer's instructions. For each sample, 2 μg raw RNA was reverse transcribed into cDNA with M-MLV Reverse Transcriptase (Promega) in a 25 μl reaction system. The reverse transcription product was further diluted to 150 μl. Two microliters were used as a template for each quantitative real-time PCR (qRT-PCR) reaction. The reaction was performed on CFX96 Touch™ Real-Time PCR Detection System (BioRad) using Luna^®^ Universal qPCR Master Mix (New England Biolabs, M3003). Peptidylprolyl isomerase A was used as the reference gene for normalization. All reactions were run in triplicate. The primers for qRT-PCR are listed in the Supplementary Data ([Supplementary Table S4](#sup1){ref-type="supplementary-material"}).

Cell viability assay {#SEC2-10}
--------------------

Cells were seeded in 24-well or 48-well plates at densities between 10^4^ and 2 × 10^4^ cells per well, fixed at various time points in 10% trichloroacetic acid at 4°C for 1 h, washed with tap water five times and then dried at the RT. The fixed cells were stained with 0.04% sulforhodamine B (SRB), washed with 1% acetic acid and then dried at RT. Cell-bound SRB was then dissolved in 10 mM Tris--HCl (pH 10), and the optical density was measured with a spectrometer at an absorbing wavelength of 490 nm.

Proteome dynamic and bioinformatic analysis {#SEC2-11}
-------------------------------------------

The MS raw data were analyzed with MaxQuant software version 1.5.2.8 ([@B15]) and searched against the UniProt human database (73 928 sequences, downloaded on 15 March 2019) with the specification of SILAC amino acid labeling for lysine and arginine. Met oxidation and protein N-terminal acetylation were specified as variable modifications. Cys carbamidomethylation was specified as a fixed modification. Trypsin was specified as the protease with a maximum of two missing cleavages. Bioinformatic analysis was performed with a data processing pipeline in Perseus ([@B28]). Briefly, protein SILAC ratios were log~2~ transformed and subjected to Student's *t*-test. The log~2~ transformed fold changes of proteins in abundance were then plotted in the volcano plot. Proteins that were significantly up- or downregulated, as well as proteins whose abundance did not show significant changes upon the treatment, were divided into three clusters. Proteins in each cluster were analyzed for functional enrichment in different categories using the total identified proteins in our analysis as the background with the GOstats package in R ([@B29]). The *P*-values of the functional annotations in each cluster were −log~10~ transformed and subject to *z*-score conversion. Functional annotations with significant enrichment in at least one cluster were collected for hierarchical clustering and heat map analysis using Genesis software ([@B30]).

Protein subnetwork analysis was performed by extracting highly confident protein--protein interactions (score \>700) from the STRING protein interaction database ([@B31]) based on all quantifiable proteins in our analysis. From this large network, we performed MCODE analysis to identify subnetworks with high connectivity ([@B32]). The average or median SILAC ratios of each subnetwork protein clusters were collected to select for significantly up- or downregulated protein networks. Protein subnetworks were visualized with Cytoscape (v. 3.7.2) ([@B33]).

RESULTS {#SEC3}
=======

SILAC-based quantitative analysis reveals proteome dynamics in response to hypoxia {#SEC3-1}
----------------------------------------------------------------------------------

In order to quantitatively analyze the proteins regulated by hypoxia response, we adapted the SILAC-based proteomic strategy. DU145 prostate cancer cell line was labeled with either ^12^C~6~^14^N~4~-[l]{.smallcaps}-arginine and ^12^C~6~^14^N~2~-[l]{.smallcaps}-lysine (light) or ^13^C~6~^15^N~4~-[l]{.smallcaps}-arginine and ^13^C~6~^15^N~2~-[l]{.smallcaps}-lysine (heavy). The light-labeled cells were cultured under normoxia (21% O~2~), while at the same time the heavy-labeled cells were treated under hypoxia (1% O~2~). After 12 h of hypoxia treatment, all the cells were harvested very quickly and lysed in a denaturing buffer. Equal amounts of light- and heavy-labeled cells were mixed and digested by trypsin. Peptides were fractionated through high-pH reversed-phase HPLC followed by nano-HPLC--MS/MS analysis. Three biological replicate analyses were performed to facilitate statistical analysis. Our study identified 6320 protein groups in biological triplicate analysis with \>10 000 leading proteins, among which 5768 protein groups were quantifiable (Figure [1A](#F1){ref-type="fig"}).

![SILAC-based quantitative analysis of proteins regulated by hypoxia in prostate cancer cells. (**A**) A schematic representation of SILAC-based proteomics analysis strategies. (**B**) Volcano plot showing the proteins significantly regulated by hypoxia treatment. Known hypoxia-regulated proteins are colored in green and proteins that were previously unknown to be regulated by hypoxia are colored in red.](zcaa010fig1){#F1}

Bioinformatic analysis shows hypoxia promoting anti-apoptotic pathways in cancer cells {#SEC3-2}
--------------------------------------------------------------------------------------

We established a bioinformatic analysis pipeline to identify cellular networks with statistically significant regulation in response to the hypoxia treatment with three biological replicates (Figure [1B](#F1){ref-type="fig"}). In our analysis, surprisingly, 12 h of hypoxia treatment at 1% oxygen did not induce significant changes to the overall proteome abundance in prostate cancer cells. However, analysis of significantly upregulated proteins still identified well-known hypoxia-induced markers, including VEGF, PDK1, P4HA1 and P4HA2. The analysis also identified other proteins, including WDR45B, MTR, OSMR and DDX41, that have not been reported to be induced by hypoxia previously (Figure [1B](#F1){ref-type="fig"}). Interestingly, we identified a small set of proteins whose abundance decreases under hypoxia and nearly all of them have not been known to be regulated by hypoxia.

To further understand the functional significance of changes, we divided the proteome dataset into three clusters representing proteins that are significantly upregulated, significantly downregulated or not significantly changed in response to the hypoxia treatment (Figure [2A](#F2){ref-type="fig"}, [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). Analysis of pathway and gene ontology in each cluster showed that the metabolic pathways regulating glycolysis and fatty acid biosynthesis were significantly upregulated and the metabolic pathways regulating oxidative phosphorylation and cell cycle were significantly downregulated in prostate cancer cells, which agrees well with known metabolic adaptation to hypoxia ([@B6],[@B34]). Interestingly, our analysis showed that small molecular metabolisms, including nucleotide and amino acid metabolisms, were differentially regulated in response to hypoxia treatment. Pyrimidine metabolism pathway and Ala, Asp and Glu metabolic pathways were downregulated. On the other hand, the purine metabolism pathway and Arg and Pro metabolic pathways were upregulated. Hypoxia treatment of prostate cancer cells significantly downregulates proteins involved in extracellular matrix-related pathways and expression of cadherin. Such regulation has been known to promote metastasis in different cancers ([@B36]). Interestingly, our data showed that pathways related to renal cell carcinoma (RCC) were significantly upregulated upon hypoxia treatment of prostate cancer cells. Previous clinical studies have shown that men with prostate cancer have a significantly higher chance of developing RCC ([@B37]). Accordingly, our analysis showed that hypoxia microenvironment in prostate cancer cells significantly upregulated MET and ETS1 to activate key cell proliferation signaling cascades that are important for RCC while upregulating GLUT1 and VEGF to increase nutrient availability, potentially promoting the subsequent development of RCC in prostate cancer patients ([@B38]).

![Enrichment and clustering analysis of hypoxic response pathways and networks in prostate cancer cells. (**A**) Heat map representation of enriched KEGG pathways in response to the hypoxia treatment. Quantified proteins in our analysis were grouped into three clusters following significance test, with Cluster 1 representing downregulated proteins, Cluster 3 representing upregulated proteins and Cluster 2 representing proteins whose abundances were not significantly altered. (**B**--**E**) Protein subnetwork quantification analysis. Highly connected protein subnetworks were identified with MCODE. Median or average SILAC ratios (hypoxia/normoxia) of the subnetworks were analyzed to identify protein clusters with significant overall increase or decrease in abundance upon hypoxia treatment.](zcaa010fig2){#F2}

To identify the protein networks that were co-regulated in response to hypoxia treatment, we performed a quantitative analysis of interaction subnetwork. Using the MCODE algorithm and STRING protein interaction database, we extracted 106 highly connected protein--protein interaction subnetworks from all proteins identified in our proteomic survey. The average or median SILAC ratios of each cluster were then collected for statistical analysis to identify significantly up- or downregulated protein clusters. Our analysis identified 13 interaction subnetworks that were significantly regulated in prostate cancer cells in response to the hypoxia treatment (Figure [2B](#F2){ref-type="fig"}, [Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). As expected, our analysis identified protein networks related to glycolysis (involving HK2, LDHA and PFKP) and collagen processing (involving P4HA1, P4HA2 and COL13A1) were upregulated under hypoxia (Figure [2B](#F2){ref-type="fig"} and [C](#F2){ref-type="fig"}). One significantly upregulated subnetwork identified in our analysis was DNA damage-related E3 ubiquitin-protein cluster (involving NSMCE1, NSMCE2 and NSMCE4A; Figure [2D](#F2){ref-type="fig"}). The upregulation of the E3 ubiquitin ligase has been known to induce the degradation of MMS19 and impair the activation of DNA repair capacity in cancer cells ([@B39]). Therefore, our analysis provided evidence to suggest that hypoxia microenvironment is a contributing factor that promotes DNA instability in prostate cancer cells by upregulating NSMCE1-related E3 ubiquitin ligases and inhibiting efficient DNA repair. In addition to the subnetworks that were significantly upregulated upon the hypoxia treatment, we also identified several downregulated subnetworks. One example is a protein network with mitochondria calcium transporter (involving MCU, SMDT1 and MAIP1). Calcium flux signaling in mitochondria has been known to induce reactive oxygen species and cell apoptosis ([@B40]). Previous studies have shown that cancer cells tend to downregulate mitochondria calcium transporter to inhibit cell apoptosis ([@B41],[@B42]). Therefore, our analysis suggests that by downregulating mitochondria calcium transporter networks and inhibiting apoptosis, hypoxia environment promotes prostate cancer cell survival under a stressful condition.

Hypoxia treatment reduces the abundance of SDE2 at the protein level {#SEC3-3}
--------------------------------------------------------------------

From the lists of proteins that are significantly up- or downregulated in response to hypoxia treatment in prostate cancer cells, we selected a few proteins that are related to tumorigenesis but are not known to be regulated by hypoxia and performed WB for validation in DU145 cells, including WDR45B, DDX41, STK17A and SDE2. The expressions of HIF1α and HIF2α were examined as positive controls for hypoxia treatment. We were able to confirm that hypoxia treatment significantly upregulated WDR45B, while the level of changes for DDX41 was modest (Figure [3A](#F3){ref-type="fig"}). We also confirmed that the protein levels of STK17A and SDE2 were both reduced under hypoxia (Figure [3A](#F3){ref-type="fig"}).

![SDE2 is downregulated by hypoxia in DU145 cells. (**A**) WB of whole cell lysates from SILAC-labeled cells that were treated with or without hypoxia for 12 h. (**B**) DU145 cells were treated with or without hypoxia for different times and then prepared for WB with the indicated antibodies. The expression of tubulin served as the loading control. (**C**) DU145 cells were treated with the indicated chemicals for 24 h and then prepared for WB. (**D**) DU145 cells were transfected with the control siRNA or siRNA targeting HIF1α or HIF2α for 24 h, respectively, and then treated with or without hypoxia for another 24 h before being harvested for WB. (**E**) qRT-PCR analysis of the mRNA levels of the indicated genes in DU145 cells treated with or without hypoxia. \*\**P*\< 0.01, \**P*\< 0.05, n.s. means not significant. Student's *t*-test, *n* = 3.](zcaa010fig3){#F3}

Hypoxia-mediated transcriptional activation of over 100 genes by HIF transcription factors has been widely studied, while less is known about proteins decreasing in abundance in response to hypoxia. In this study, we further analyzed SDE2 to understand the mechanism and functional significance of its downregulation under hypoxia. *SDE2* (Silencing Defective 2) gene was first identified in fission yeast recently when the strain lacking this gene was defective in telomere silencing ([@B43]). The human *SDE2* is a homolog of *SDE2* in yeast and is conserved between species, especially the SDE domain ([Supplementary Figure S3A](#sup1){ref-type="supplementary-material"}) ([@B22]). On the N-terminal of SDE2, there is a ubiquitin-like (UBL) domain, which ranges from 1 to 78 amino acids and has been reported to be cleaved by an unknown deubiquitinating enzyme (DUB) and produce a 50-kDa C-terminal SDE2 in multiple cell lines ([@B22]). As expected, the SDE2 protein we detected by WB in the SILAC-labeled DU145 cells was also found at the 50-kDa position (Figure [2A](#F2){ref-type="fig"}). Our identification and quantification of SDE2 were confident with eight peptides and ∼26% sequence coverage. All the identified peptides were localized outside of the UBL domain ([Supplementary Figure S3B](#sup1){ref-type="supplementary-material"}).

To further confirm the regulation of hypoxia on SDE2 protein, we first aimed to understand the dynamics of SDE2 in response to different durations of hypoxia treatment. To this end, DU145 cells were treated with hypoxia (1% oxygen) for 6, 12 and 24 h. The WB analysis showed that with the increasing treatment of hypoxia, HIF1α was significantly induced at 6 h and then its abundance gradually decreased after 12 and 24 h of treatment, while the level of HIF2α was induced from the beginning and remained at a high level. In contrast, SDE2 protein showed an apparent decrease in abundance initially and its abundance continued to decrease throughout the treatment (Figure [3B](#F3){ref-type="fig"}). We further tested whether hypoxia-mimicking drugs can induce a similar effect. To this end, DU145 cells were treated by DMOG, an alpha-ketoglutarate mimic compound, and DFO, an iron chelator, for 24 h. Our data confirmed that both drugs increased the abundances of HIF1α and HIF2α, and reduced the protein level of SDE2, in a dosage-dependent manner (Figure [3C](#F3){ref-type="fig"}). These data suggested that hypoxia-mediated regulation of SDE2 protein abundance requires enzymatic activities of alpha-ketoglutarate and iron-dependent proteins.

Because HIF1α and HIF2α are master regulators of hypoxia response, next we tested whether the regulation of hypoxia on SDE2 requires HIF transcriptional activity. To this end, we performed siRNA knockdown experiments. We found that knockdown of HIF1α and HIF2α was effective in DU145 cells, but their knockdown did not affect the hypoxia-dependent decrease in SDE2 abundance (Figure [3D](#F3){ref-type="fig"}). In addition, in DU145 cells with HIF1β knockdown, hypoxia can still reduce the level SDE2 protein ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). Finally, we tested whether the regulation of hypoxia on SDE2 happened at the transcriptional level. We performed qRT-PCR to measure the relative mRNA level of *SDE2* in DU145 cells treated with different durations of hypoxia. As a control, we also measured the mRNA of several other proteins quantified in our proteomic analysis. Our data showed that hypoxia treatment significantly increased the mRNA level of *P4HA1*, which is a known HIF1α target that showed a significant increase in abundance in our data. For *MTR* and *WDR45B* genes, whose protein levels showed a significant increase in the proteomic analysis, their expression was also significantly induced upon hypoxia (Figure [3E](#F3){ref-type="fig"}). Interestingly, the mRNA levels of *STK17A* and *SDE2*, the two genes whose protein levels showed a significant decrease in abundance, were not affected by hypoxia after 12 h of treatment and even increased after 24 h of treatment (Figure [3E](#F3){ref-type="fig"}). Our data suggested that the hypoxic microenvironment regulated SDE2 protein abundance likely through the regulation of its protein degradation rather than at the transcriptional level.

Hypoxia treatment increases the ubiquitination of SDE2 and promotes proteasome-mediated degradation {#SEC3-4}
---------------------------------------------------------------------------------------------------

As our previous studies showed that ultraviolet (UV) treatment decreased the protein level of SDE2 by increasing SDE2 ubiquitination, we sought to test whether hypoxia treatment mediates SDE2 degradation through similar pathways. First, we found that in DU145 cells, the decrease of SDE2 protein abundance under hypoxia was completely blocked by proteasome inhibitor MG132. We further confirmed this observation in HeLa cells where we also confirmed that the mRNA level of *SDE2* was not decreased under hypoxia (Figure [4A](#F4){ref-type="fig"}, [Supplementary Figure S5C and D](#sup1){ref-type="supplementary-material"}). Proteasome inhibition also inhibited the SDE2 degradation in prostate cancer cell PC3. However, we found that the *SDE2* mRNA level was reduced in PC3 cells upon hypoxia treatment, suggesting the SDE2 protein level was also regulated at the transcriptional level in PC3 cells ([Supplementary Figure S5A and B](#sup1){ref-type="supplementary-material"}). Next, we performed immunoprecipitation and WB analysis to detect ubiquitination level changes of SDE2 in DU145 cells upon treatment. Our data showed that hypoxia significantly increased the ubiquitination level of SDE2 (Figure [4B](#F4){ref-type="fig"}). This was also confirmed in 293T cells (Figure [4C](#F4){ref-type="fig"} and [D](#F4){ref-type="fig"}).

![Hypoxia treatment mediated ubiquitination and proteasome-dependent degradation of SDE2. (**A**) DU145 cells were treated with hypoxia for 16 h and then DMSO or MG132 was added for another 8 h. The cells were prepared for WB 24 h after hypoxia treatment. (**B**) DU145 cells were treated with or without hypoxia for 12 h and then treated with 5 μM MG132 for another 12 h. The cells were then harvested for immunoprecipitation with SDE2 antibody and then WB was performed with the indicated primary antibodies. (**C**) 293T cells were exposed to the indicated conditions for 12 h and then harvested for WB. (**D**) 293T cells were transfected with SDE2-Flag plasmid for 12 h and then treated with 5 μM MG132 and with or without hypoxia for another 12 h. The cells were harvested for immunoprecipitation with Flag-M2 beads and then WB was performed with the indicated antibodies. (**E**) Schematic representations of wild-type (WT) and site-specific mutant plasmids of SDE2. (**F**) 293T cells were transfected with the indicated plasmids for 12 h and then exposed to hypoxia or not for another 12 h. After treatment, the cells were collected for WB with the indicated antibodies. (**G**) 293T cells were transfected with control siRNA or siRNA targeting CDT2 for 24 h and then exposed to hypoxia or not for another 24 h. After treatment, the cells were collected for WB with the indicated antibodies.](zcaa010fig4){#F4}

Three ubiquitin E3 ligases, including CDT2, UBR1 and UBR2, have been reported to regulate the ubiquitination and degradation of SDE2 under UV treatment ([@B22],[@B26]). The degradation of SDE2 by CDT2 depends on the cleavage of the N-terminal UBL domain where the last two amino acids are Gly(76)--Gly(77). After cleavage of the UBL domain, the lysine residue exposed as the first amino acid of the C-terminal SDE2 was necessary for the recognition and degradation by UBR1 and UBR2. Since SDE2 was degraded under hypoxia, we wonder whether similar pathways mediate SDE2 degradation. To this end, 293T cells were transfected with Flag-tagged plasmids expressing WT or mutant (GG to AA or K to V) SDE2, respectively. Twelve hours after transfection, the cells were treated with or without hypoxia for 12 h. WB showed that mutation of GG linker amino acids at the C-terminus of the UBL domain or mutation of the first lysine following the GG linker did not affect the degradation of SDE2 in response to hypoxia treatment, suggesting that different mechanisms are involved in the process (Figure [4E](#F4){ref-type="fig"} and [F](#F4){ref-type="fig"}). This conclusion is further strengthened in 293T cells where SDE2 was still degraded upon hypoxia treatment when CDT2 was knocked down (Figure [4G](#F4){ref-type="fig"}). Moreover, in both DU145 cells and HeLa cells, knockdown of any of the E3 ligases (CDT2, UBR1 and UBR2) could not affect the SDE2 degradation in response to the hypoxia treatment, indicating other unknown E3 ligases may be involved ([Supplementary Figure S4E and F](#sup1){ref-type="supplementary-material"}). Surprisingly in HeLa cells, the abundance of UBR2 and CDT2 even decreased upon hypoxia treatment, further suggesting that the known E3 ligases are not involved in the regulation of hypoxia-mediated degradation of SDE2 ([Supplementary Figure S5E](#sup1){ref-type="supplementary-material"}).

Knockdown of SDE2 inhibits cell proliferation and increases DNA damage {#SEC3-5}
----------------------------------------------------------------------

Our previous studies showed that SDE2 plays an important role in the DNA damage response in HeLa cells and U2OS cells. Here, we would like to confirm that it mediates similar pathways in prostate cancer cells. Interestingly, knockdown of SDE2 by shRNAs inhibited the growth of DU145 cells under both normoxia and hypoxia conditions (Figure [5A](#F5){ref-type="fig"} and [B](#F5){ref-type="fig"}). This means SDE2 plays some essential roles in cell survival. Similar to HeLa cells, knockdown of SDE2 increased the sensitivity of DU145 cells to the DNA damage drug hydroxyurea (HU), an effect that was further verified by the increased level of γH2AX (Figure [5C](#F5){ref-type="fig"} and [D](#F5){ref-type="fig"}).

![Depletion of SDE2 inhibited cell proliferation and increased DNA damage. (**A**) Verification of SDE2 shRNA knockdown efficiency using WB. (**B**) Cell proliferation under normoxia and hypoxia with SDE2 knockdown. DU145 cells were plated in 24-well plates and then infected with lentivirus expressing control shRNA for SDE2 shRNAs. Twenty-four hours after infection, the cells were started to be cultured in medium containing 2 μg/ml puromycin and treated with or without hypoxia for another 48 h, and then the cells were prepared for the SRB assay to measure the cell viability. (**C**) Cell viability with DNA damage reagent HU treatment. DU145 cells plated and transfected as in (B). Twenty-four hours after transfection, the cells were treated with or without different concentrations of HU for 48 h. Then, the cells were prepared for the SRB assay. For (B) and (C), \*\*\**P*\< 0.001, \**P*\< 0.05. Student's *t*-test, *n* = 3. (**D**) DU145 cells were transfected with the control siRNA (siCtrl) or siRNAs targeting SDE2 (siSDE-1 and siSDE-2) for 24 h and then treated with or without HU for 24 h.](zcaa010fig5){#F5}

SDE2 regulates PCNA monoubiquitination in an oxygen-dependent manner {#SEC3-6}
--------------------------------------------------------------------

Monoubiquitination of PCNA promotes the activation of translesion DNA synthesis through recruiting error-prone DNA polymerases ([@B44]). Our previous studies have shown that the knockdown of SDE2 enhances the induction of PCNA monoubiquitination upon DNA damage, thus activating error-prone DNA damage repair pathways ([@B22]). As we found that SDE2 quickly degrades in response to the hypoxia treatment, we would like to determine whether the hypoxia-mediated degradation of SDE2 also regulates PCNA monoubiquitination. To this end, we performed the dose-dependent treatment of DU145 cells with HU under hypoxia or normoxia. Indeed, increasing concentration of HU treatment resulted in an increased level of PCNA monoubiquitination under normoxia ([Supplementary Figure S6](#sup1){ref-type="supplementary-material"}). Hypoxia alone without HU treatment did not apparently induce PCNA monoubiquitination. Under the hypoxic environment, SDE2 was degraded and the HU treatment resulted in a much more significant increase of PCNA monoubiquitination in a dose-dependent manner ([Supplementary Figure S6](#sup1){ref-type="supplementary-material"}).

To determine the mechanistic role of SDE2 in hypoxia-dependent regulation of PCNA monoubiquitination upon DNA damage, we performed SDE2 knockdown studies. Our analysis showed that knockdown of SDE2 in DU145 cells under normoxia led to an increased level of PCNA monoubiquitination upon HU treatment, which agreed well with our previous findings in HeLa cells ([@B22]). Hypoxia treatment of control DU145 cells showed similar stimulation of PCNA monoubiquitination upon HU treatment. Interestingly, hypoxia treatment of DU145 cells with SDE2 knockdown did not show a further increase of DNA damage-induced PCNA monoubiquitination (Figure [6A](#F6){ref-type="fig"}). These data suggested that reduced levels of SDE2 protein desensitize the cells from hypoxia-mediated enhancement of PCNA monoubiquitination under genotoxic stress.

![SDE2 regulated PCNA monoubiquitination in an oxygen-dependent manner. (**A**) DU145 cells expressing either control shRNA or shRNA targeting SDE2 were exposed to the indicated conditions for 24 h and then harvested for WB. (**B**) HEK293T cells were transfected with either control vector or SDE2-Flag plasmids. Twelve hours after transfection, the cells were treated with the indicated conditions for another 24 h, and then harvested for WB.](zcaa010fig6){#F6}

We further performed overexpression experiments in HEK293T cells. Our analysis showed that overexpression of SDE2 under normoxia was sufficient to inhibit the activation of PCNA monoubiquitination upon DNA damage. However, SDE2 overexpression under hypoxia failed to regulate the level of DNA damage-induced PCNA monoubiquitination. Cells with SDE2 overexpression showed similar or even greater sensitivity to hypoxia-mediated enhancement of PCNA monoubiquitination in response to HU (Figure [6B](#F6){ref-type="fig"}). Taken together, our knockdown and overexpression experiments led to these findings. First, SDE2 regulates the DNA damage-induced PCNA monoubiquitination in an oxygen-dependent manner. Second, hypoxia treatment uncouples SDE2 from its regulatory pathways that counteract PCNA monoubiquitination upon DNA damage. Third, SDE2 depletion desensitizes while SDE2 overexpression protects the hypoxia-mediated activation of PCNA monoubiquitination triggered by DNA damage.

DISCUSSION {#SEC4}
==========

The tumor microenvironment is critical for tumorigenesis, progression and resistance to drug treatment ([@B45]). Hypoxia, as a common feature of the tumor microenvironment, regulates multiple hallmarks of cancer, including but not limited to reprogramming of metabolic pathways, genomic instability, induction of angiogenesis and evasion of the immune system ([@B46]). In the current study, we applied SILAC-based proteomic analysis and used prostate cancer cell line DU145 as a model to profile proteome dynamics in the early response to the hypoxic microenvironment. With three biological replicates and chromatographic fractionations, our deep proteomics analysis identified over 6300 protein groups (representing \>10 000 leading proteins), among which 128 protein groups were significantly upregulated and 69 protein groups were significantly downregulated upon hypoxia treatment in prostate cancer cells. Our bioinformatic analysis confirmed well-known hypoxic response pathways ([@B47]) and also identified novel protein subnetworks that are highly regulated in a coordinated manner in response to the hypoxia treatment, including DNA damage-related E3 ubiquitin ligases and mitochondria calcium transporter network. Importantly, the upregulation of E3 ligases like NSMCE1 will lead to degradation of key DNA repair proteins and reduce cell's capacity to repair DNAs. Mitochondria calcium transporter activates cell apoptosis by increasing calcium flux to the mitochondria under stress. Hypoxia microenvironment downregulates calcium transporter proteins and therefore inhibits apoptotic cell signaling.

Previous studies have shown that hypoxia downregulated DNA repair proteins, such as RAD51, KU70, RIF1, BRCA1 and BRCA2, and therefore reduced the cellular capacity to repair DNA damage ([@B48],[@B49]). In this study, we identified and validated that SDE2, a recently characterized protein that is involved in the DNA damage response pathway, is downregulated by hypoxia. Interestingly, unlike many proteins downregulated under hypoxia due to HIF1α-mediated transcriptional repression, such as apoptosis-inducing factor and antigen-presenting MHC class I molecules ([@B50],[@B51]), the degradation of SDE2 under hypoxia is independent of both HIF1α and HIF2α, and in some cases, the mRNA level of *SDE2* was even increased upon hypoxia treatment, suggesting the involvement of critical posttranslational regulation pathways. We were able to confirm that hypoxia degrades SDE2 through the increase of its ubiquitination level and promotes proteasome-dependent protein turnover. Surprisingly, the degradation of SDE2 is independent of CDT2, UBR1 and UBR2, the three ubiquitin E3 ligases that were recently demonstrated to control the stability of SDE2 upon DNA damage ([@B22],[@B26]).

SDE2 has been known to associate with PCNA and the loss of SDE2 stimulated PCNA monoubiquitination, which may potentially promote error-prone DNA damage repair. In this study, we found that hypoxia treatment also stimulated DNA damage-induced PCNA monoubiquitination in an SDE2-dependent manner. Loss of SDE2 desensitized while overexpression of SDE2 protected hypoxia-mediated enhancement of PCNA monoubiquitination under the DNA damage response. Indeed, re-analysis of TCGA data (<https://www.cancer.gov/tcga>) showed that downregulation of SDE2 is prevalent in prostate cancer and it is associated with mutation disease phenotype as well as poorer patient outcome. Analysis with quantitative proteomics experiments also confirmed significantly lower abundance of SDE2 protein in prostate cancer tissue compared to the normal tissue ([@B52]). We speculate that low level of SDE2 and hypoxic microenvironment in tissue would contribute to the activation of the error-prone DNA repair pathway and promote cancer cell mutations under both normoxia and hypoxia conditions ([@B53]).

In this study, we confirmed that hypoxia mediates the degradation of SDE2 through increasing ubiquitination and proteasome-dependent protein degradation. However, the molecular mechanisms on how and why SDE2 is degraded under hypoxic conditions remain unknown. Our previous studies in HeLa and U2OS cells have shown that degradation of SDE2 requires its endolytic cleavage via the GG linker as well as the exposed N-terminal lysine on the mature protein form. The process is mediated by E3 ubiquitin ligases CDT2, UBR1 and UBR2. However, in prostate cancer cells, we found that hypoxia-mediated degradation of SDE2 does not involve similar pathways. Therefore, additional posttranslational regulatory mechanisms must be required for the rapid degradation of SDE2 under hypoxia. Interestingly, in addition to oxygen level, hypoxia-mimicking drugs, DMOG and DFO, can both recapitulate the effect of hypoxia on SDE2 protein degradation. Given the fact that DMOG is an alpha-ketoglutarate mimic and DFO is an iron chelator, it is likely that SDE2 protein degradation is promoted by alpha-ketoglutarate and iron-dependent enzymes.

Overall, our global analysis of proteome dynamics under hypoxia revealed that hypoxic microenvironment, in addition to reprogramming cellular energy homeostasis and metabolic pathways, may provide an important capability for a tumor cell to survive and evolve under stressful conditions, including genome instability and anti-apoptosis. Potentiation of PCNA monoubiquitination upon DNA damage by hypoxia or by downregulation of SDE2 may potentially exacerbate error-prone DNA repair pathway activation and promote missense mutations for an increased mutational landscape, which play a pathologically critical role in cancer development, drug resistance and phenotypic selection. Further studying hypoxia-dependent regulation of PCNA monoubiquitination and DNA repair pathways by SDE2 may provide new insights and opportunities in cancer therapy.
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